Abstract: An extreme drought event is usually a long-term process with different stages. Although it is well known that extreme droughts that have occurred frequently in recent years can substantially affect vegetation growth, few studies have revealed the characteristics of vegetation responses for different stages of an extreme drought event. Especially, studies should address when the vegetation growth was disturbed and how it recovered through an extreme drought event. In this study, we used the Normalized Difference Vegetation Index (NDVI) and Palmer Drought Severity Index (PDSI) to evaluate the response of vegetation to different stages of a severe drought event during 2009-2010 throughout Southwestern China. The PDSI time series indicated that the drought can be divided into three stages, including an initial stage represented by moderate drought (S1), a middle stage represented by continual severe drought (S2), and a final recovery stage (S3). The results revealed that the drought during the initial stage inhibited the growth of grassland and woody savanna, however, forest growth did not decrease during the first stage of droughts, and there was even a trend towards higher NDVI values.
Introduction
Drought is considered to be a dry spell relative to normal local conditions [1] . Drought can be classified into four types: meteorological, agricultural, hydrological, and socio-economic [2] . The first three types are related to physical phenomena, while the last links drought to the supply and demand of social-economic systems. Increases in the frequency or intensity of severe droughts have been detected over the last several decades, worldwide, and in some cases have been attributed to global climate change [3] [4] [5] . Extreme drought is a major environmental stress that affects the growth and development of vegetation, subsequently affects the energy balance on the earth's surface and provides invaluable ecosystem services [6] . It is quite important to monitor and assess the potential impacts of droughts on vegetation response [7, 8] .
For different drought types and purposes, several drought indices have been created and applied to drought monitoring and assessment. Percent of Normal Precipitation (PNP) is often used for a local area or a short period [9] . Standardized Precipitation Index (SPI) shows abnormal information for the initial stage of drought [10] . Standardized Precipitation Evapotranspiration Index (SPEI) has different timescales [11] and can be used in time lag impacts of drought on vegetation [12] . The Palmer Drought Severity Index (PDSI) is linked to abnormally dry or wet weather conditions obtained from temperature, soil moisture, and precipitation data [13, 14] . Other drought indices used frequently include the Reclamation Drought Index [15, 16] , Drought Severity Index (DSI) [17] , U.S. Drought Monitor (USDM) [18] , Evaporative Drought Index (EDI) [19] , National Drought Atlas for the United States [9] , and Crop Moisture Index (CMI) [20] . More drought indices and their performance can be found in reviews [1, 17, 21] .
The adverse effects of extreme droughts on vegetation have been widely studied using remote sensing data or drought indices [22] [23] [24] [25] [26] [27] [28] [29] . The relationship between vegetation indices and drought indices, such as SPI [23] or PDSI [30] , was found in different land cover or different seasons. Amazon droughts have been deeply studied using satellite data or vegetation index [31] [32] [33] [34] [35] . These studies have given us insight into the relationship between vegetation and drought, and shown that satellite data or vegetation indices are sensitive to drought events [36] or even a prolonged impact [37] . However, little research has focused on exploring the regular patterns and differences of different stages of drought among vegetation parameters. It is known that drought is difficult to detect because of its slow onset. For a single drought event, vegetation may respond differentially during its different developing phases. During the autumn of 2009 to the spring of 2010, the region of Southwestern China experienced an extreme drought that provides us with a good case for the study of vegetation responses to drought in different phases. Therefore, the purposes of this research are to (i) find different impacts of drought; (ii) determine whether different types of vegetation have identical trends; and (iii) show whether the differences are related to vegetation types.
Based on NDVI, land cover type, and PDSI data, we detected the monthly anomalies of vegetation change and climate data and explore the differences of impacts on vegetation in different periods of the droughts.
Study Area
Southwestern China consists of the provinces of Guangxi, Guizhou, Yunnan, Sichuan, and the municipality of Chongqing. From 2009 to 2010, Southwestern China experienced a serious drought that affected extensive regions from Yunnan, Guangxi to Sichuan, Guizhou and Chongqing [5, 38] . Figure 1 shows the unchanged land cover of Southwestern China, and the red square defines the study area. The red square area shows the severe condition of drought according to the research [5] . There are some mountains in the study area and the mean altitude in the study area is 1520 m.
Figure 1.
Unchanged land cover types in the study area. The first layer of MODIS Land Cover data was used to create the land cover. Red square defines the study area.
The climate types are primarily subtropical monsoon, low-latitude climate, and mountain climate. The special climatic conditions cause a diversity of natural geographic characteristics and vegetation types. The main characteristic of this area is high vegetation coverage. The long-term (1961-2010) mean annual temperature is 15.48 °C, the warmest temperature is in July (21.98 °C), and the coldest temperature (7.81 °C) is in January. The long-term mean annual precipitation and relative humidity are 831.06 mm and 72.41%, respectively.
The rainfall percentage anomaly in some regions was 60.4% less than in previous years [5] and rainfall in February decreased by 49 .5% compared to 2000-2009 average precipitation [38] . The continuous drought in the autumn, winter, and spring in some regions of Yunnan and Guizhou provinces was the most serious since 1880, and the extent and severity of drought broke historical records [5] .
Material and Methods

Material
Several types of data, including vegetation parameters, land cover data, climate data, and drought index, were collected and analyzed in this research. One of the most important vegetation parameters, NDVI, was chosen to analyze the spatiotemporal changes of vegetation response during the extreme drought that occurred in Southwestern China. The NDVI data used in this research were from the MODIS vegetation indices product (MOD13A3), which were produced from surface reflectance from which atmospheric effects had been removed [39, 40] . Cloudy pixels were not used, affording quality assurance to the provided information.
In addition to the vegetation parameter, the first layer of MODIS Land Cover data in MCD12Q1 [41, 42] was used to analyze whether the differences of the drought effects were related to vegetation types. Pixels remained unchanged land cover type for ten years were extracted for analysis. The vegetation within the study area primarily consists of mixed forest, woody savannas, grassland, and cropland, which occupy 69.7%, 7.9%, 9.6%, and 9.0% of the total study area, respectively. The mixed forest is defined as 'lands dominated by woody vegetation with a percent cover >60% and height exceeding 2 meters. Consists of mixtures of either broadleaf or needleleaf trees and in which neither component exceeds 60% of landscape'. Since this study primarily aims to reveal the responses of the natural vegetation to the extreme drought event, we did not analyze the crop responses because they are frequently influenced by human activities. Areas were chosen for this study if the land cover type was consistent during the past 10 years, based on the MCD12Q1 classification.
To describe the meteorological characteristics of the study area, we analyzed the precipitation, temperature, and solar radiation datasets. The precipitation and temperature data were acquired from the Climate Research Unit (CRU) TS3.21 climate datasets, with a spatial resolution of 0.5° [43] . The same spatial resolution solar radiation data were obtained from the CRU-NCEP V5.2 dataset. All of these datasets have been well used in many studies [43] [44] [45] [46] [47] .
The drought index, PDSI, was used in this research to reveal the relationship between the change of vegetation and different stages of extreme drought. The dataset was calculated at 0.5 by 0.5 degree using monthly air temperature, precipitation, and soil water-holding capacity data [48] .
Analysis of Abnormal Data
To detect the monthly anomalies of vegetation change and climate data, we calculated the standardized ratio (Z-score) of the NDVI and climate data. The Z-score method has been used in the detection of anomalies [17, 24] . The Z-score for a variable is calculated as follows:
where X is the analyzed variable, such as precipitation, temperature, solar radiation, and NDVI, X is the average value for normal month, and σ(X) is the standard deviation of X . In this research, X was calculated from 2009 to 2010 because the drought occurred during this period. We considered 2001 to 2008 to be the normal period and then calculated X and σ(Xn) in the year of 2001-2008.
Division of Droughts Stage
PDSI value defines wetness or dryness calculated from temperature and precipitation on a scale ranging from extreme drought (<−4) to extreme wetness (>4). From these values, seven categories of dry and wet conditions have been defined (Table 1 ). Complete descriptions of the equations can be found in the original study by Palmer [13] and Alley [14] . 
Results
Different Periods of the Drought
The drought in Southwestern China can be divided into some stages according to long term PDSI values. Figure 2 shows the changes of the variation of the PDSI, together with the Z-score of the temperature, precipitation, and radiation of every month from December 2008 to January 2011 in the study area. From the PDSI values in Figure 2 , it can be seen that the PDSI was normal from January 2009 to September 2009. After September 2009, it changed from −1 into −2. After October 2010, the PDSI returned to normal gradually. Based on the PDSI values in the study area, we can easily separate the drought in the area into three drought stages according to the PDSI values in Table 1: initial The positive values of the temperature, rainfall, and radiation indicate that those parameters were higher than the normal year average values, while the negative values indicate that the parameters were lower than the normal year average values. As shown in Figure 2 , the rainfall of the study area had been less than the normal years since the beginning of 2009, and it had a short-term recovery in March 2010; afterwards, the rainfall recovered to normal until September 2010. The average temperature from December 2009 to September 2010 fluctuated and was often higher than in the normal years.
From April 2009 to March 2010, the solar radiation was higher than in the normal years; afterwards, it fluctuated more.
Figure 2.
Monthly time series of PDSI, precipitation, temperature, and solar radiation based on the data averaged over all pixels in the study area. The vertical coordinate on the left side displays the PDSI value, and the vertical coordinate on the right side shows the Z-score of precipitation, temperature, and radiation. The standard error of PDSI is calculated by all pixels in the study area in the corresponding month. Based on the PDSI value in the study area, the drought in the study area can be separated into three stages: initial stage (S1), middle stage (S2), and final stage (S3). S0 represents normal condition before the drought.
Response of Vegetation to Different Periods of Extreme Drought
To analyze the vegetation response to the drought at the different stages, we calculated the PDSI average value (Figure 3 From the spatial data statistics, the overall response of vegetation in the different drought stages showed distinct differences. In S1 of the drought, PDSI was primarily distributed from −0.5 to −2.0. The corresponding NDVI anomaly does not show clear spatial regularity; some vegetation growth was increasing, while some regions' vegetation trends were declining. It shows that there were spatial differences in the vegetation response to the initial stage of drought. In S2 of the drought, the PDSI of most regions as less than −2.0, and the NDVI of the corresponding region primarily was dramatically declining. This illustrates that when the drought severity reached a certain degree, most vegetation greenness declined because the water deficit was quite severe. In S3 of the drought, the rainfall recovered, the drought was relieved to some degree, and the NDVI of the corresponding region's vegetation recovered, as well. We used EVI to reanalyze the drought condition with PDSI and also found the similar relationship with NDVI. 
Response Difference among Different Types of Vegetation
Based on the analysis in the previous section, it was found that there were some differences in the responses of different vegetation in the different stages of drought. From Figure 4 , it can be seen that in stage S1 some vegetation's NDVI increased, but there were declines in some pixels' NDVI. To further understand the reasons for these NDVI variations and differences, this paper will extend the analysis of the variation in NDVI to different vegetation types. For the different stages of drought, we calculated the NDVI anomaly and conducted statistic studies on the response of different vegetation types ( Figure 5 ). The main vegetation types in the study area include mixed forest, woody savanna, and grassland. We calculated an anomaly distribution histogram (Figure 5a ) of these three types of vegetation NDVI in the different periods. From Figure 5a , it can be seen that the drought's impact on the different types of vegetation caused remarkable differences. The results revealed that the drought during the initial stage inhibited the growth of grassland and woody savanna, however, forest growth did not decrease during the first stage of drought, and there was even a trend towards higher NDVI values. In the early drought stage, drought promoted tree growth in the mixed forests. The response of the other two vegetation types was negative, and the woody savanna was also very remarkable. In order to study the effect of elevation on vegetation growth, we checked the spatial distribution of altitude (Figure 6a ). The mean altitude in the study area is 1520 m and the mean altitude of mixed forest is 1896 m. As for mixed forest in the initial stage, we created two groups corresponding to lower than mean elevation and higher than mean elevation, and calculated the NDVI anomaly respectively (Figure 6b ). Independent sample T tests (sig > 0.05) indicate that there is no significant difference between the two groups. That is to say, elevation has no influence on the growth of vegetation. In the middle stage of the drought, the drought restrained the growth of all of the vegetation types, among which the degree of damage to the woody savanna was the largest. In the final stage of the drought, the NDVI of every vegetation type began to recover, and the recovery of grassland was the strongest.
To examine the differences between the vegetation types and corresponding PDSI in the three stages of drought, we calculated the histogram of PDSI frequency distribution (Figure 5b ) of the different vegetation types at the same time. Using the two-sample Kolmogorov-Smirnov t-test, we found that the PDSI corresponding to the mixed forest, woody savanna, and grassland were not obviously different. For the different vegetation types in the region, the suffered drought severity degree was similar at the same stage of drought. The response difference from the vegetation NDVI to the drought primarily came from different types of vegetation, and different types of vegetation had different drought responses.
Discussion
This paper divides the drought degree of Southwestern China using PDSI values and consequently shows that the drought index had very good applicability in the region. Using PDSI, the different periods of this extreme weather were divided, and PDSI also reflected the different impact of drought on vegetation growth in different periods. Although PDSI is described as an index overestimating the magnitude of drought [49] , and the average over the region may hide strong sub-regional anomalies, this evaluation is useful to highlight general relationships. According to the results of the analysis, we can see that drought variously influenced different vegetation at different times. The changes of NDVI were rather large, which reflects the differential response of vegetation types with the degree of drought. The drought condition had direct impacts on the vegetation indices and chlorophyll fluorescence [50] . When a plant's water demand cannot be met, its leaves will become yellow and NDVI will decrease. The plant's root system is a vital organ for the plant to absorb water, and the root system is of crucial importance to the plant's drought tolerance [51] . With limited water, the quantity of water absorption is a function of root depth. Strong, deep roots can help the plants store and use the water kept in the soil efficiently [52] .
In the first stage of drought, the mixed forest response to the drought was clearly positive; that is, the drought in its initial stage promoted the growth of mixed forest. The responses of the other two types of vegetation response were negative, and the woody savanna's response was obvious. When the drought began, rainfall decreased, but the moist soil could still provide the needed water for the vegetation's growth, and the vegetation absorbed the soil's water through the root systems. The root systems of forest trees are generally deep [53] . When the drought arrived initially, the trees could absorb deep phreatic water through their relatively long roots, to replenish the water. The enhanced radiation in the initial stage of drought promoted tree growth. At that time, the wood savanna or grasslands could not absorb deep phreatic water because their roots were short, and they had been influenced by the drought. In the middle stage of drought, the drought restrained all vegetation growth, and the response of the vegetation was dramatic. Upon reaching the drought middle stage, the radiation became stronger, there was a persistent lack of rainfall, and the water in the soil gradually decreased. When the soil was dry the plant could no longer absorb water through the roots, and then more moisture is lost from the plant. The whole plant would appear to be in an air-dried condition, and NDVI decreased gradually. In the middle stage, there was no rainfall to supply the underground water, which made the underground water level decline, and the deep roots of trees also were not able to absorb water; therefore, all of the vegetation, including the forest, was influenced by the drought, which restrained the growth of vegetation. In the final recovery stage of drought, all vegetation NDVI recovered, and the recovery of grassland was relatively strong. During this stage, rainfall recovered, underground water was resupplied, and all vegetation began to grow. The recovery of grassland was the fastest.
The NDVI in this work was used as an indicator to reveal the effects of droughts on vegetation and their differences. The NDVI data has been detected by the cloud identification and cloud-influenced pixels are removed. As for the pixels of poor atmospheric conditions, even if atmospheric correction was conducted, it might still have a certain impact on the NDVI values. It is not easy to identify these pixels, and some suitable filter technique [54] will be needed if we want to remove it. However, there still have some uncertainties in this research. First of all, there are uncertainties in the interpretation of findings because of a lack of data or other limitations in identifying particular tree species' distributions and the lack of knowledge regarding the more specific climatic signals influencing forest tree species within the altitudinal range. Even when two different species grow next to each other, this does not necessarily mean that they will exhibit the same drought response [55] . Second, the forest ecosystems investigated have a considerable range in altitude with about 30% distributed below 1400 m, about 50% between 1400-3000 m, and the remaining about 20% at other altitudes. This means that within such a wide range there are many different vegetation belts and forest species with different responses to climate, depending on whether they are at their drought tolerance margins, at their cold tolerance limits, or somewhere in between. The analysis may also include data from grasslands or savannas at e.g., 400 m compared with cold-limited forests at 4000 m. Another uncertainty is the limitation when relying only on PDSI. Using it alone without a separate evaluation of the effect of temperature and precipitation can hide important forest responses. For example within the distribution range of a particular tree species the cold limited part of its population could (at the initial stages of drought) benefit from a temperature increase, while another part of the population growing in very dry conditions or near the species drought tolerance limits would immediately suffer. Furthermore, light is a limiting resource usually for sub-canopy vegetation or heavily-shaded plants. The NDVI data are derived from canopy or non-shaded vegetation which is adequately exposed to sunlight. Thus, radiation is very likely not a limiting factor for growth. Therefore, additional information and not only NDVI data are required to interpret ecological responses of vegetation. In such cases further investigation beyond the general approach applied is further needed.
Conclusions
A severe and prolonged drought occurred in Southwestern China in 2009 and 2010. In this study, the impacts of drought on vegetation using climate and vegetation indices were examined. We first assessed the spatial extent, duration, and the severity of the drought based on temperature, relative humidity, and precipitation and then examined the effects of vegetation responses based on remote sensing-based NDVI data. The results indicated that the climatological data and remotely-sensed NDVI exhibited anomalous responses. In the beginning of the droughts, moderate drought inhibited grassland and woody savanna growth but did not inhibit forest growth. In the middle stage, severe and prolonged drought inhibited the growth of all vegetation types. However, in the final stage all of the vegetation types were restored, including grassland, which had endured the most severe drought. The observational evidence revealed that the response of vegetation to the extreme drought varied significantly in the different stages, which should receive more attention in future studies.
The vegetation types were differentially impacted by drought. In the initial stage of drought, the response of forest to the drought was positive, that is, in the initial stage of the Yunnan drought, forest growth did not decrease, and there was even a trend towards higher NDVI values for about 70% of forest growing from 400 m altitude to 4200 m altitude. In the middle stage of drought, the drought suppressed forest growth. In the final stage of drought, forest growth recovered. In the initial and middle stages of drought, the response for woody savanna and grassland were negative, and the degree of damage to the woody savanna was the largest. In the final stage, the woody savanna and grassland recovered, and the grassland recovery was the strongest.
We find that the drought during the initial stage inhibited the growth of grassland and woody savanna, however, it promoted forest growth. The results of this study suggest that the vegetation response to extreme drought disturbance significantly varies with vegetation type and parameter. This finding may be attributed to the coupling effects of precipitation and relative humidity or the individual effects of temperature or solar radiation associated with the vegetation conditions.
